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(57) ABSTRACT

Elucidating the function of proteins in mammalian cells is
particularly challenging due to the inherent complexity of
these systems. Methods to study protein function in living
cells ideally perturb the activity of only the protein of interest
but otherwise maintain the natural state of the host cell or
organism. Ligand-dependent inteins offer single-protein
specificity and other desirable features as an approach to
control protein function in cells post-translationally. Some
aspects of this invention provide second-generation ligand-
dependent inteins that splice to substantially higher yields
and with faster kinetics in the presence of the cell-permeable
small molecule 4-HT, especially at 37° C., while exhibiting
comparable or improved low levels of background splicing in
the absence of 4-HT, as compared to the parental inteins.
These improvements were observed in four protein contexts
tested in mammalian cells at 37° C., as well as in yeast cells
assayed at 30° C. or 37° C. The newly evolved inteins
described herein are therefore promising tools as conditional
modulators of protein structure and function in yeast and
mammalian cells.
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SMALL MOLECULE-DEPENDENT INTEINS
AND USES THEREOF

RELATED APPLICATION

This application is a national stage filing under 35 U.S.C.
§371 of international PCT application, PCT/US2012/
028435, filed Mar. 9, 2012, which claims priority under 35
U.S.C. §119(e) to U.S. provisional patent application, U.S.
Ser. No. 61/452,020, filed Mar. 11, 2011, entitled “Small
Molecule-Dependent Inteins and Uses Thereof,” the entire
contents of each of which are incorporated herein by refer-
ence.

GOVERNMENT SUPPORT

This invention was made with U.S. Government support
under grant RO1 GM065400, awarded by the National Insti-
tutes of Health (NIH), and grant HR0011-08-1-0085,
awarded by the Defense Advanced Research Projects Agency
(DARPA). The U.S. government has certain rights in this
invention.

BACKGROUND OF THE INVENTION

Methods to control protein structure and function inside
living cells have proven to be valuable tools to elucidate the
roles of proteins in their native biological contexts (Schreiber,
2003; Buskirk and Liu, 2005; Banaszynski and Wandless,
2006). Traditional genetic methods that have been widely
used to control protein function by altering expression levels
in mammalian cells include knock-out and knock-in systems
such as those mediated by Cre-Lox recombination (Sauer et
al., 1988) and the use of transcriptional regulators such as the
tetracycline-responsive tet-on/tet-off systems (Gossen et al.,
1992). These methods are highly specific to the protein of
interest and can be applied to many proteins, but typically
require days to reach steady-state protein levels in mamma-
lian cells, are irreversible in the case of recombination-based
methods, and are vulnerable to transcriptional compensation
(Shogren-Knaak et al., 2001; Marschang et al., 2004; Wong
and Roth, 2005; Acar et al., 2010). Other methods such as
RNA interference (Fire et al., 1998), chemical genetics (Kino
et al., 1987), small-molecule regulated protein stability or
degradation (Stankunas et al., 2003; Schneekloth et al., 2004;
Banaszynski et al., 2006), and small molecule induced pro-
teolytic shunts (Pratt et al., 2007) have also been used effec-
tively by many researchers and offer more rapid control over
protein levels than strategies that exert control before tran-
scription, but can require the discovery of small molecule
modulators of protein function, necessitate the involvement
of'other cellular machinery that may not be present in the cells
of interest, or are prone to off-target effects.

Protein-splicing elements, termed inteins, can mediate pro-
found changes in the structure and function of proteins.
Inteins are analogous to the introns found in polynucleotides.
During intein-mediated protein splicing, inteins catalyze both
their own excision from within a polypeptide chain and the
ligation of the flanking external sequences (exteins), resulting
in the formation of the mature protein from the exteins, and
the free intein. No natural inteins, however, have been shown
to be regulated by small molecules. Extein function is typi-
cally disrupted by the presence of an intein but restored after
protein splicing. Many inteins can splice in foreign extein
environments. Therefore, inteins are powerful starting points
for the creation of artificial molecular switches.
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Ligand-dependent inteins have been engineered (see, e.g.,
PCT application WO 2005/098043). Since inteins function in
avariety of extein environment, ligand-dependent inteins are
universally applicable to regulate the activity of a variety of
target proteins in mammalian cells in a ligand-dependent
manner without disturbing transcriptional or translational
pathways. However, conventional ligand-dependent inteins
were developed for use at room temperature and exhibit poor
splicing efficiency or high background splicing in the absence
ofligand when incubated at higher temperatures. These char-
acteristics limit the application of ligand-dependent inteins in
mammalian cells.

SUMMARY OF THE INVENTION

Small-molecule-dependent inteins enable protein structure
and function to be controlled post-translationally in living
cells. Previously, two inteins were evolved (2-4 and 3-2) that
splice efficiently in the presence, but not the absence, of the
cell-permeable small molecule 4-hydroxytamoxifen (4-HT)
in a variety of extein contexts in Saccharomyces cerevisiae, as
described in detail in International PCT Patent Application
Serial Number PCT/US2005/010805, filed Mar. 30, 2005;
U.S. Pat. No. 7,192,739, issued Mar. 20, 2007; and U.S. Pat.
No. 7,541,450, issued Jun. 2, 2009; the entire contents of each
of'which are incorporated by reference herein. In mammalian
cells, however, the 2-4 and 3-2 inteins exhibited significantly
lower splicing efficiencies and slower splicing in the presence
of'4-HT, as well as higher background splicing in the absence
of 4-HT, than in yeast cells. These inteins are described in
detail in International PCT Patent Application Serial Number
PCT/US2005/010805, filed Mar. 30, 2005; U.S. Pat. No.
7,192,739, issued Mar. 20, 2007; and U.S. Pat. No. 7,541,450,
issued Jun. 2, 2009; the entire contents of each of which are
incorporated by reference herein.

This invention relates to the development of improved
intein variants that can splice efficiently, rapidly, and/or in a
ligand-dependent manner at about 37° C., for example, in
cells of higher eukaryotes (e.g., mammalian cells). Results of
new directed evolution efforts to improve the splicing char-
acteristics of 4-HT dependent inteins for use at about 37° C.
and in mammalian cells are described herein. The resulting
second-generation inteins in yeast cells exhibit substantially
improved splicing activity and speed with no significant
increase in background splicing at both 30° C. and 37° C.
These second-generation inteins also splice with much
greater speed and efficiency in mammalian cells, for example,
in human cells, at 37° C. in four different extein contexts
compared with the parental inteins. These new ligand-depen-
dent inteins represent more eftective and broadly applicable
tools for the small-molecule triggered, post-translational
modulation of protein activities in living systems including
mammalian cells.

In one aspect, this invention provides ligand-dependent
inteins and intein domains that are optimized for applications
in cells, tissues, and organisms that require incubation at
temperatures in the range of about 30° C. to about 42° C., for
example, at about 30° C., at about 35° C., at about 37° C., at
about 37.5° C., atabout 38° C., at about 38.5° C., at about 39°
C., at about 39.5° C., or at about 40° C. In one aspect, this
invention provides ligand-dependent inteins and intein
domains that are optimized for applications in mammalian
cells, tissues, and organisms, for example, in mouse or human
cells, tissues, and organisms. In one aspect, this invention
provides ligand-dependent inteins and intein domains that
were evolved from the 2-4 and 3-2 inteins through several
additional rounds of mutation, recombination, and screening
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in S. cerevisiae at both 30° C. and 37° C. The resulting
second-generation evolved inteins described herein exhibit
substantially improved (~2- to 5-fold higher) splicing yields
in yeast compared to the parental 2-4 and 3-2 inteins and
significantly faster splicing kinetics. The improved properties
of these evolved inteins carried over to mammalian cells, in
which the newly evolved inteins spliced with substantially
greater (~2- to 8-fold) efficiency in the presence of 4-HT
while maintaining background splicing levels in the absence
of 4-HT that are comparable to or better than the levels
observed with the 2-4 or 3-2 inteins. The second-generation
evolved inteins augment the promise of ligand-dependent
protein splicing as an effective and broadly applicable
approach to probing protein function in mammalian cells.

In one aspect, this invention provides methods for the use
of ligand-dependent inteins. In some embodiments, methods
for the generation of a hybrid protein comprising a ligand-
dependent intein provided herein embedded into the amino
acid sequence of a target protein are provided. In some
embodiments, methods for the regulation of target protein
activity via ligand-dependent inteins provided herein are pro-
vided.

Other advantages, features, and uses of the invention will
be apparent from the detailed description of certain non-
limiting embodiments, the drawings, which are schematic
and not intended to be drawn to scale, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. Intein evolution approach. (A) Overview of the
directed evolution strategy used to isolate improved small
molecule-dependent inteins. (B) Each round of evolution
consisted of mutagenesis followed by at least two positive
FACS screens in the presence of 1 uM 4-HT and one negative
FACS screen in the absence of 4-HT. One set of FACS data
from the Round 1 positive and negative screens is shown. (C)
Two intein evolution efforts were performed in parallel at 30°
C. and 37° C., comprising 20 total screening steps.

FIG. 2. Characterization of newly evolved inteins in yeast
cells. (A) Representative Western blot of lysates from yeast
cells expressing evolved intein variants in the context of
Green Fluorescent Protein (GFP). Each lane shows lysate
from 2.5x10° cells after six hours of growth at 30° C. in the
absence or presence of 1 uM 4-HT visualized with an anti-
FLAG-tag antibody. Quantitation of spliced and unspliced
protein bands by densitometry was used to calculate the per-
cent spliced protein shown in the rest of the figure. (B)-(E)
Intein splicing characteristics in yeast at various time points
in the context of GFP at30° C. (D) and (E)) or 37° C. ((B) and
(©)), either with ((B) and (D)) or without ((C) and (E)) 1 uM
4-HT. Error bars represent the standard deviation of at least
three independent experiments.

FIG. 3. Characterization of newly evolved inteins in mam-
malian cells. (A) Representative Western blot of lysates from
HEK293 cells, a human embryonic kidney-derived cell line,
expressing evolved intein variants in the context of GFP. Each
lane shows lysate from cells after 12 hours of growth at 37° C.
in the absence or presence of 1 uM 4-HT processed with an
anti-FLAG-tag antibody to visualize spliced and unspliced
GFP, and an anti-f-actin antibody to visualize -actin, which
served as a loading control. Quantitation of spliced and
unspliced protein bands by densitometry was used to calcu-
late the percent spliced protein shown in the rest of the figure.
(B) and (C) Splicing characteristics of inteins in the GFP
context in HEK293 cells at 37° C. after 12 and 24 hours
incubation in the presence or absence of 1 uM 4-HT. Three
evolved inteins from the 37° C. evolution effort are shown in
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(B), and three evolved inteins from the 30° C. evolution effort
are shown in (C). Error bars represent the standard deviation
of at least three independent experiments.

FIG. 4. Splicing characteristics of the 30R3-1 and 37R3-2
evolved inteins in mammalian cells in three different protein
contexts. HEK293 cells expressing the inteins shown in the
context of mCherry (A), Glil (B), or Gli3T (C) were incu-
bated for 12hor 24 h in the presence or absence of 1 pM 4-HT.
Unspliced and spliced protein was quantitated as described in
FIG. 3. Error bars represent the standard deviation of at least
three independent experiments.

FIG. 5. Reversion mutant analysis of evolved inteins
30R3-1 (SEQ ID NO: 3) and 37R3-2 (SEQ ID NO: 7). Each
mutation in 30R3-1 (SEQ ID NO: 3) ((A) and (B)) and
37R3-2 (SEQ ID NO: 7) ((C) and (D)) relative to the original
3-2 intein (SEQ ID NO: 2) was reverted separately and the
resulting intein variants in the context of GFP were charac-
terized in yeast cells at 30° C. ((A) and (C)) and at 37° C. ((B)
and (D)). Yeast cell lysates were prepared and analyzed by
Western blot and densitometry after 6 hours as described in
FIG. 2. Error bars represent the standard deviation of at least
three independent experiments.

FIG. 6. Characterization of newly evolved inteins in yeast
cells by flow cytometry. The P2 analysis gate indicates the
cell population that is positive for GFP fluorescence. (A)
Representative FACS plots of cells transformed with 30R3-1
intein (SEQ ID NO: 3) in the GFP context treated with 1 uM
4-HT for the durations shown at 30° C. and 37° C. The
increase in cell fluorescence over time indicates an accumu-
lation of functional, spliced GFP in cells treated with 4-HT.
(B) Representative FACS plots of cells transformed with
30R3-1 intein (SEQ ID NO: 3) in the GFP context without
4-HT, incubated for 24 h. The lack of significant increase in
the fluorescent population over the course of 24 h indicates
low levels of background splicing.

FIG. 7. Characterization of newly evolved inteins in mam-
malian cells by flow cytometry. Representative FACS plots of
HEK293 cells transfected with DNA expressing the 37R3-2
intein in the GFP context without 4-HT or treated with 1 uM
4-HT for 12 h or 24 h at 37° C. are shown.

FIG. 8. Characterization of the 30R3-1 (SEQ ID NO: 3)
and 37R3-2 (SEQ ID NO: 7) evolved inteins in the mCherry
context in mammalian cells by flow cytometry. Representa-
tive FACS plots of HEK293 cells transfected with DNA
expressing the 2-4 (SEQ ID NO: 1), 3-2 (SEQ ID NO: 2),
30R3-1 (SEQ ID NO: 3), or 37R3-2 (SEQ ID NO: 7) inteins
in the context of mCherry, without 4-HT or treated with 1 uM
4-HT for 24 h at 37° C. are shown. The P3 analysis gate
indicates the cell population that is positive for mCherry
fluorescence.

DEFINITIONS
As used herein and in the claims, the singular forms “a,”
“an,” and “the” include the singular and the plural reference
unless the context clearly indicates otherwise. Thus, for
example, a reference to “an agent” includes a single agent and
a plurality of such agents.

The term “‘effective amount,” as used herein, refers to an
amount of a biologically active agent that is sufficient to elicit
a desired biological response. For example, in some embodi-
ments, an effective amount of 4-HT may refer to the amount
of'4-HT that induces self-excision of a 4-HT-dependent intein
from a hybrid protein. As will be appreciated by the skilled
artisan, the effective amount of a small molecule (e.g., 4-HT),
a hybrid protein, or a polynucleotide, vary depending on
various factors as, for example, on the desired biological
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response, the cells or tissues being targeted, the agent being
used, and the nature of the hybrid protein.

The term “extein,” as used herein, refers to an intein-flank-
ing polypeptide sequence that is ligated to another extein
during the process of protein splicing to form a mature,
spliced protein. Typically, an intein is flanked by two extein
sequences that are ligated together when the intein catalyzes
its own excision. Exteins, accordingly, are the protein analog
to exons found in mRNA. For example, a polypeptide com-
prising an intein may exhibit the structure extein(N)-intein-
extein(C). After excision of the intein and splicing of the two
exteins, the resulting structures are extein(N)-extein(C) and a
free intein.

The term “hybrid protein,” as used herein, refers to a pro-
tein that comprises the amino acid sequence of a target protein
and, embedded in that amino acid sequence, a ligand-depen-
dent intein as provided herein. Accordingly, a hybrid protein
generally comprises the structure target protein(N)-intein-
target protein(C). In some embodiments, a hybrid protein is
encoded by a recombinant nucleic acid, in which a nucleic
acid sequence encoding an intein is inserted in frame into a
nucleic acid sequence encoding a target protein. In certain
embodiments, the target protein exhibits a desired activity or
property that is absent or reduced in the hybrid protein. In
some embodiments, excision of the intein from the hybrid
protein results in a restoration of the desired activity or prop-
erty in the mature, spliced target protein. Non-limiting
examples of desired activities or properties of target proteins
are binding activities, enzymatic activities, reporter activities
(e.g., fluorescent activity), therapeutic activity, size, charge,
hydrophobicity, hydrophilicity, or 3D-structure. In some
embodiments, excision of the intein from a hybrid protein
results in a mature, spliced target protein that exhibits the
same or similar levels of a desired activity as the native target
protein. A hybrid protein may be created from any target
protein by embedding an intein sequence into the amino acid
sequence of the target protein, for example, by generating a
recombinant, hybrid protein-encoding nucleic acid molecule
and subsequent transcription and translation, or by protein
synthesis methods known to those of skill in the art.

The term “intein,” as used herein, refers to an amino acid
sequence that is able to excise itself from a protein and to
rejoin the remaining protein segments (the exteins) with a
peptide bond in a process termed protein splicing. Inteins are
analogous to the introns found in mRNA. Many naturally
occurring and engineered inteins and hybrid proteins com-
prising such inteins are known to those of skill in the art and
the mechanism of protein splicing has been the subject of
extensive research. As a result, methods for the generation of
hybrid proteins from naturally occurring and engineered
inteins are well known to the skilled artisan. For an overview,
see pages 1-10, 193-207, 211-229, 233-252, and 325-341 of
Gross, Belfort, Derbyshire, Stoddard, and Wood (Eds.) Hom-
ing Endonucleases and Inteins Springer Verlag Heidelberg,
ISBN 9783540251064 the contents of which are incorpo-
rated herein by reference for disclosure of inteins and meth-
ods of generating hybrid proteins comprising natural or engi-
neered inteins. As will be apparent to those of skill in the art,
an intein may catalyze protein splicing in a variety of extein
contexts. Accordingly, an intein can be introduced into virtu-
ally any target protein sequence to create a desired hybrid
protein, and the invention is not limited in the choice of target
proteins.

The term “intein domain,” as used herein, refers to the
amino acid sequence of an intein that is essential for self-
excision and extein ligation. For example, in some inteins, the
entire intein amino acid sequence, or part(s) thereof, may
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constitute the intein domain, while in ligand-dependent
inteins, the ligand-binding domain is typically embedded into
the intein domain, resulting in the structure intein domain
(N)-ligand-binding domain-intein domain (C).

The term “ligand binding domain,” as used herein, refers to
a peptide or protein domain that binds a ligand. A ligand
binding domain may be a naturally occurring or an engi-
neered domain. Examples of ligand-binding domains
referred to herein are the ligand binding domain of a native
estrogen receptor, e.g., the ligand-binding domain of the
native human estrogen receptor, and engineered, evolved, or
mutated derivatives thereof. Typically, a ligand-binding
domain useful in the context of ligand-dependent inteins, as
provided herein, exhibits a specific three-dimensional struc-
ture in the absence of the ligand, which inhibits intein self-
excision, and undergoes a conformational change upon bind-
ing of the ligand, which promotes intein self-excision. Some
of the ligand-dependent inteins provided herein comprise a
ligand-binding domain derived from the estrogen receptor
that can bind 4-HT and other estrogen-receptor ligands, e.g.,
ligands described in more detail elsewhere herein, and
undergo a conformational change upon binding of the ligand.
An appropriate ligand may be any chemical compound that
binds the ligand-binding domain and induces a desired con-
formational change. In some embodiments, an appropriate
ligand is a molecule that is bound by the ligand-binding
domain with high specificity and affinity. In some embodi-
ments, the ligand is a small molecule. In some embodiments,
the ligand is a molecule that does not naturally occur in the
context (e.g., in a cell or tissue) that a ligand-dependent intein
is used in. For example, in some embodiments, the ligand-
binding domain is a ligand-binding domain derived from an
estrogen receptor, and the ligand is tamoxifen or a derivative
or analog thereof (e.g., hydroxytamoxifen, 4-HT).

The term “ligand-dependent intein,” as used herein refers
to an intein that comprises a ligand-binding domain. Typi-
cally, the ligand-binding domain is inserted into the amino
acid sequence of the intein, resulting in a structure intein
(N)-ligand-binding domain-intein (C). Typically, ligand-de-
pendent inteins exhibit no or only minimal protein splicing
activity in the absence of an appropriate ligand, and a marked
increase of protein splicing activity in the presence of the
ligand. In some embodiments, the ligand-dependent intein
does not exhibit observable splicing activity in the absence of
ligand but does exhibit splicing activity in the presence of the
ligand. In some embodiments, the ligand-dependent intein
exhibits an observable protein splicing activity in the absence
of'the ligand, and a protein splicing activity in the presence of
an appropriate ligand that is at least 5 times, at least 10 times,
at least 50 times, at least 100 times, at least 150 times, at least
200 times, at least 250 times, at least 500 times, at least 1000
times, at least 1500 times, at least 2000 times, at least 2500
times, at least 5000 times, at least 10000 times, at least 20000
times, at least 25000 times, at least 50000 times, at least
100000 times, at least 500000 times, or at least 1000000 times
greater than the activity observed in the absence of the ligand.
In some embodiments, the increase in activity is dose depen-
dent over at least 1 order of magnitude, at least 2 orders of
magnitude, at least 3 orders of magnitude, at least 4 orders of
magnitude, or at least 5 orders of magnitude, allowing for
fine-tuning of intein activity by adjusting the concentration of
the ligand.

The term “mutation,” as used herein, refers to an alteration,
for example, a deletion, substitution, addition, inversion,
duplication, or multiplication of a residue or a plurality of
residues, in a sequence of residues, for example, in a nucleic
acid or peptide sequence. For example, in some embodi-
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ments, the term mutation refers to a substitution of an amino
acid residue of a protein, e.g., a ligand-dependent intein, with
a different amino acid residue. In some embodiments, the
term mutation refers to a substitution of a nucleotide residue
of a nucleic acid molecule, e.g., a nucleic acid molecule
encoding a ligand-dependent intein, with a different nucle-
otide. In some such embodiments, the mutation in the intein-
encoding nucleic acid results in a substitution of an amino
acid in the encoded protein.

The terms “nucleic acid,” “nucleic acid molecule,” and
“polynucleotide” are used interchangeably herein, and refer
to a polymer of ribonucleotides (RNA molecules) or deox-
yribonucleotides (DNA molecules) in either single-stranded,
or double-stranded form. Double-stranded DNA-DNA,
DNA-RNA and RNA-RNA helices are possible. The term
nucleic acid molecule refers to the primary and secondary
structure of the molecule, and does not limit it to any particu-
lar tertiary forms. Thus, these term include, for example,
double-stranded DNA found in linear (e.g., restriction frag-
ments) or circular DNA molecules, plasmids, and chromo-
somes. Nucleotide sequences of nucleic acid molecules are
described in 5'-to-3' direction.

The terms “peptide” and “protein” are used interchange-
ably herein and refer to a molecule that comprises a polymer
of at least three amino acids linked together by peptide
(amide) bonds. Peptides can comprise natural amino acids,
non-natural amino acids, and/or amino acid analogs. A pep-
tide may comprise an amino acid that is modified, for
example, by the addition of a chemical entity such as a car-
bohydrate group, a phosphate group, a farnesyl group, an
isofarnesyl group, a fatty acid group, a linker for conjugation,
functionalization, or other modification (e.g., amidation). In
some embodiments, a peptide comprising an amino acid
modification exhibits an increased stability or biological
activity as compared to its unmodified counterpart. Peptide
sequences are given by convention starting with the amino-
terminus (N-terminus, N) and ending with the carboxy-ter-
minus (C-terminus, C).

The term “protein splicing,” as used herein, refers to a
process in which a sequence, an intein, is excised from within
an amino acid sequence, and the remaining fragments of the
amino acid sequence, the exteins, are ligated via an amide
bond to form a continuous amino acid sequence.

The term “small molecule,” as used herein, refers to a
non-peptidic, non-oligomeric organic compound either pre-
pared in the laboratory or found in nature. Small molecules, as
used herein, can refer to compounds that are “natural product-
like”, however, the term “small molecule” is not limited to
“natural product-like” compounds. Rather, a small molecule
is typically a non-polymeric, non-oligomeric molecule that is
characterized in that it contains several carbon-carbon bonds,
and has a molecular weight of less than 2000 g/mol, prefer-
ably less than 1500 g/mol, although this characterization is
not intended to be limiting for the purposes of the present
invention.

DETAILED DESCRIPTION OF CERTAIN
EMBODIMENTS OF THE INVENTION

Protein splicing elements known as inteins are able to
catalyze their excision out of a single polypeptide and leave
behind the flanking sequences, or exteins, precisely ligated
together through a native peptide bond (Paulus, 2000). Inteins
are attractive tools for modulating protein expression because
they do not require any other cellular components, are able to
splice out of a wide variety of extein contexts (Xu et al.,
1993), and can undergo splicing in minutes (Paulus, 2000).
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Although natural inteins splice spontaneously, inteins that
undergo splicing in a small molecule-dependent manner have
been developed by fusing intein halves with proteins that
dimerize in the presence of a small molecule (Mootz and
Muir, 2002; Mootz et al., 2003; Shi and Muir, 2005), or by
directed evolution in which a library of intact inteins fused to
a ligand-binding domain was screened to splice in the pres-
ence, but not the absence, of a small molecule (Buskirk et al.,
2004). These small molecule-dependent inteins have enabled
protein function in cells to be controlled post-translationally
by the addition of an exogenous, cell-permeable molecule
(Mootz and Muir, 2002, Mootz et al., 2003, Buskirk et al.,
2004; Mootz et al., 2004; Shi and Muir, 2005; Yuen et al.,
2006; Schwartz et al., 2007; Hartley and Madhani, 2009). For
example, in some embodiments, a hybrid protein comprising
a ligand-dependent intein embedded into the amino acid
sequence of a target protein is expressed in a cell, for example,
a human cell, in the absence of an appropriate ligand. If the
intein disrupts the activity of the target protein, and no native
target protein is present in the cell, then there is no target
protein present in the cell. In some embodiments, the cell is
contacted with an appropriate ligand activating the ligand-
dependent intein. As a result, the intein self-excises from the
hybrid protein, generating a mature, spliced target protein. In
some embodiments, this protein splicing restores the activity
of the target protein. To give but one example, if the target
protein is a fluorescent protein, cells expressing the hybrid
protein in the absence of ligand are non-fluorescent, while
fluorescence can be observed in cells contacted with ligand.

Previously, variants of the Mycobacterium tuberculosis
RecA intein were developed that selectively splice in the
presence of the cell-permeable small molecule 4-hydroxyta-
moxifen (4-HT) in a rapid, dose-dependent manner using
directed evolution in S. cerevisiae (Buskirk et al., 2004). The
M. tuberculosis RecA intein was chosen because it can effi-
ciently splice in a wide variety of contexts (Lew and Paulus,
2002), and the evolved 4-HT-triggered inteins retained this
characteristic. These evolved inteins have been successfully
used as a tool to study the role of histone H2A.Z in establish-
ing chromatin architecture around promoter regions in S.
cerevisiae (Hartley and Madhani, 2009). It will be appreci-
ated by those of skill in the art that other inteins can also be
evolved according to methods described herein and the inven-
tion is not limited in this respect.

It was demonstrated that these evolved inteins are func-
tional in mammalian cells at 37° C. but splice with signifi-
cantly reduced speed, lower efficiency, and higher back-
ground splicing in the absence of 4-HT compared with
splicing at 30° C. in yeast (Yuen et al., 2006). These limita-
tions constrain the utility of these evolved inteins as tools for
mammalian cell biology; indeed, only two studies (Mootz et
al., 2003; Yuen et al., 2006) have reported the use of small
molecule-dependent inteins in mammalian cells.

This invention relates to the development of improved
ligand-dependent intein and intein domain variants that can
splice efficiently, rapidly, and/or in a ligand-dependent man-
ner at about 37° C., for example, in cells of higher eukaryotes
(e.g., mammalian cells). Results of new directed evolution
efforts to improve the splicing characteristics of 4-HT depen-
dentinteins foruse at about 37° C. and in mammalian cells are
described herein. The resulting second-generation inteins in
yeast cells exhibit substantially improved splicing activity
and speed with no significant increase in background splicing
at both 30° C. and 37° C. These second-generation inteins
also splice with much greater speed and efficiency in mam-
malian cells, for example, in human cells, at 37° C. in four
different extein contexts compared with the parental inteins.
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These new ligand-dependent inteins represent more effective
and broadly applicable tools for the small-molecule trig-
gered, post-translational modulation of protein activities in
living systems including mammalian cells.
Ligand-Dependent Inteins

Inteins are polypeptide sequences embedded within a pro-
tein. Inteins catalyze their own excision from the peptide
chain and ligation of the resulting ends of the protein. The
self-excision catalyzed by the intein results in a mature,
spliced protein and a free intein. While naturally-occurring
inteins catalyze protein splicing in a spontaneous manner, the
splicing activity of the inteins provided herein is dependent
on a ligand, for example, a small molecule ligand.

The ligand-dependent inteins provided herein comprise a
modified ligand-binding domain of the estrogen receptor pro-
tein, embedded into a modified RecA intein from M. tuber-
culosis. In some embodiments, the ligand-binding domain is
derived from the an estrogen receptor protein, for example,
from the human estrogen receptor. The sequence of the
human estrogen receptor and the location of the ligand-bind-
ing domain within the human estrogen receptor protein are
well known to those of skill in the art. Non-limiting, exem-
plary sequences of the human estrogen receptor can be
retrieved from RefSeq database entries NP__ 000116 (isoform
1); NP_001116212 (isoform 2); NP_ 001116213 (isoform
3);and NP__ 001116214 (isoform 4) from the National Center
for Biotechnology Information (NCBI, www.ncbi.nlm.nih-
.gov). In some embodiments, the ligand-binding domain of a
ligand-dependent intein provided herein is derived from a
sequence comprising amino acid residues 304-551 of the
human estrogen receptor.

It will be appreciated by those of skill in the art that other
ligand binding domains are also useful in connection with the
intein domains described herein. For example, some aspects
of this invention provide ligand-dependent inteins that com-
prise an N-terminal and a C-terminal intein domain as
described herein, and a central ligand-binding domain, for
example, a ligand-binding domain of a hormone-binding pro-
tein, e.g., of an androgen receptor, an estrogen receptor, an
ecdysone receptor, a glucocorticoid receptor, a mineralocor-
ticoid receptor, a progesterone receptor, a retinoic acid recep-
tor, or a thyroid hormone receptor protein. Ligand-binding
domains of hormone-binding receptors, inducible fusion pro-
teins comprising such ligand-binding domains, and methods
for the generation of such fusion proteins are well known to
those of skill in the art (see, e.g., Becker, D., Hollenberg, S.,
and Ricciardi, R. (1989). Fusion of adenovirus E1A to the
glucocorticoid receptor by high-resolution deletion cloning
creates a hormonally inducible viral transactivator. Mol. Cell.
Biol. 9, 3878-3887; Boehmelt, G., Walker, A., Kabrun, N.,
Mellitzer, G., Beug, H., Zenke, M., and Enrietto, P. J. (1992).
Hormone-regulated v-rel estrogen receptor fusion protein:
reversible induction of cell transformation and cellular gene
expression. EMBO J 11, 4641-4652; Braselmann, S.,
Graninger, P., and Busslinger, M. (1993). A selective tran-
scriptional induction system for mammalian cells based on
Gal4-estrogen receptor fusion proteins. Proc Natl Acad Sci
US4 90, 1657-1661; Furga G, Busslinger M (1992). Identi-
fication of Fos target genes by the use of selective induction
systems. J. Cell Sci. Suppl 16, 97-109; Christopherson, K. S.,
Mark, M. R., Bajaj, V., and Godowski, P. J. (1992). Ecdys-
teroid-dependent regulation of genes in mammalian cells by
a Drosophila ecdysone receptor and chimeric transactivators.
Proc Natl Acad Sci US4 89, 6314-8; Eilers, M., Picard, D.,
Yamamoto, K., and Bishop, J. (1989). Chimaeras of Myc
oncoprotein and steroid receptors cause hormone-dependent
transformation of cells. Nature 340, 66-68; Fankhauser, C. P.,
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Briand, P. A., and Picard, D. (1994). The hormone binding
domain of the mineralocorticoid receptor can regulate heter-
ologous activities in cis. Biochem Biophys Res Commun 200,
195-201; Godowski, P. J., Picard, D., and Yamamoto, K. R.
(1988). Signal transduction and transcriptional regulation by
glucocorticoid receptor-LexA fusion proteins. Science 241,
812-816; Kellendonk, C., Tronche, F., Monaghan, A.,
Angrand, P, Stewart, F., and Schutz, G. (1996). Regulation of
Cre recombinase activity by the synthetic steroid RU486.
Nuc. Acids Res. 24, 1404-1411; Lee, ]. W., Moore, D. D., and
Heyman, R. A. (1994). A chimeric thyroid hormone receptor
constitutively bound to DNA requires retinoid X receptor for
hormone-dependent transcriptional activation in yeast. Mo/
Endocrinol 8,1245-1252; No, D.,Yao, T. P., and Evans, R. M.
(1996). Ecdysone-inducible gene expression in mammalian
cells and transgenic mice. Proc Natl Acad Sci USA 93, 3346-
3351; and Smith, D., Mason, C., Jones, E., and Old, R. (1994).
Expression of a dominant negative retinoic acid receptor g in
Xenopus embryos leads to partial resistance to retinoic acid.
Roux’s Arch. Dev. Biol. 203, 254-265; all of which are incor-
porated herein by reference in their entirety). Additional
ligand-binding domains useful for the generation of ligand-
dependent inteins as provided herein will be apparent to those
of skill in the art and the invention is not limited in this
respect.

The ligand-dependent inteins provided herein are inactive
(or only minimally active) in the absence of the appropriate
ligand, but can be induced to be active, and, thus, to self-
excise, by contacting them with a ligand that binds the ligand-
binding domain of the human estrogen receptor. Small mol-
ecule ligands binding the ligand-binding domain of the
estrogen receptor (e.g., the human estrogen receptor), and
thus useful to induce the activity of the ligand-dependent
inteins described herein, are well known to those of skill in the
art. In some embodiments, the ligand used to induce the
activity of the ligand-dependent inteins described herein spe-
cifically binds to the ligand-binding domain of the estrogen
receptor. In some embodiments, the ligand binds the ligand-
binding domain of a ligand-dependent intein provided herein
with high affinity, for example, with an affinity of at least
about 107'°M, at least about 10~° M, at least about 10~ M, at
least about 10~7 M, at least about 10~ M, or at least about
10~ M. Examples of appropriate estrogen receptor-binding
ligands that are useful to induce the activity of the ligand-
dependent inteins provided herein, for example, the ligand-
dependent inteins provided in SEQ ID NOs: 3-8, include, but
are not limited to, 17f-estradiol, 17c-ethynyl estradiol,
tamoxifen and tamoxifen analogs (e.g., 4-hydroxytamoxifen
(4-HT, 4-OHT), 3-hydroxytamoxifen (droloxifene)), tamox-
ifen metabolites (e.g., hydroxytamoxifen, endoxifen), ralox-
ifene, toremifene, ICI-182, and ICI-780. Other useful ligands
will be apparent to those of skill in the art, and the invention
is not limited in this respect.

In some embodiments, the ligand-dependent intein is inac-
tive or only minimally active in the absence of an appropriate
ligand. In some embodiments, the self-excision activity of the
ligand-dependent intein is increased in the presence of an
appropriate ligand. In some embodiments, the ligand
increases the activity of a ligand-dependent intein provided
herein in a concentration-dependent manner, with low ligand
concentration levels translating to low intein activity levels,
and high ligand concentration levels translating to high intein
activity levels. In some embodiments where intein activity is
induced in living cells, the concentration of the ligand and the
time of exposure of the cells to the ligand are chosen to be
non-toxic to the cells. Ligand may be non-toxic over a whole
range of concentrations.
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In some embodiments, a ligand-dependent intein provided
herein does not exhibit observable splicing activity in the
absence of an appropriate ligand, but does exhibit splicing
activity in the presence of such a ligand. In some embodi-
ments, a ligand-dependent intein provided herein exhibits an
increase in splicing activity of at least about 5-fold, at least
about 10-fold, at least about 15-fold, at least about 20-fold, at
least about 25-fold, at least about 30-fold, at least about
40-fold, at least about 50-fold, at least about 75-fold, at least
about 100-fold, at least about 150-fold, at least about 200-
fold, at least about 250-fold, at least about 500-fold, at least
about 1000-fold, at least about 2000-fold, at least about 5000-
fold, at least about 10000-fold, at least about 50000-fold, at
least about 100000-fold, at least about 500000-fold, or at least
about 1000000 fold, in the presence of a ligand for the ligand-
binding domain, e.g., 4-HT, as compared to its baseline activ-
ity in the absence of the ligand. In some embodiments, a
ligand-dependent intein provided herein exhibits a level of
protein splicing activity in the presence of an appropriate
ligand, e.g., 4-HT, that is similar to the splicing activity of the
RecA intein observed or expected under the same conditions.
In some embodiments, a ligand-dependent intein provided
herein exhibits a splicing activity in the presence of an appro-
priate ligand, e.g., 4-HT, that is greater than the splicing
activity of the RecA intein observed or expected under the
same conditions, for example, by a factor of at least 2, at least
3, at least, 4, at least 5, at least 6, at least 7, at least 8, at least
9, at least 10, at least 20, at least 25, at least 30, at least 40, at
least 50, or at least 100.

Intein Domains

The invention provides intein domains for use in ligand-
dependent intein applications at temperatures within the
range of about 30° C. to about 37° C., for example, in mam-
malian cells that are cultured at about 37° C. In some embodi-
ments, the optimized intein domains provided herein com-
prise an N-terminal intein domain and a C-terminal intein
domain. To obtain a ligand-dependent intein, the N- and
C-terminal intein domains are fused to a central ligand-bind-
ing domain, for example, to the ligand-binding domain of a
steroid (e.g., estrogen) receptor protein. In some embodi-
ments, the ligand-binding domain is a native ligand-binding
domain, while in other embodiments, the ligand-binding
domain is also optimized for use at temperatures within the
range of about 30° C. to about 37° C. For example, in some
embodiments, the ligand-binding domain is optimized foruse
in mammalian cells that are cultured at about 37° C. In some
embodiments, the optimized intein domains provided herein
are derived from naturally-occurring intein domains by evo-
lution methods described herein. In some embodiments, the
optimized intein domains provided herein are derived from
the RecA intein domain as described in more detail herein.

In some embodiments, an intein domain is provided that
comprises  the sequence: CLAEGTRIFDPVTGTT
HRIEDVVDGRKPIHVVAV*AKDGTLLARPVVSWFDQ
GTRDV  IGLRIAGGAI*VWATPDHKVILTEYGWRAA
GELRKGDRVARVQAFADALDDKFLHD MLAEE*LR
YSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHN
(SEQ ID NO: 9), wherein at least one of the amino acid
residues followed by an asterisk (*) is mutated (e.g., substi-
tuted with a different amino acid residue or deleted). In some
embodiments, the optimized intein domain comprises a
V#*—A (Valine* to Alanine) mutation, an [*—T (Isoleucine*
to Threonine) mutation, and/or an E¥*—G (Glutamate* to
Glycine) mutation. Ligand-dependent inteins comprising a
ligand-binding protein domain, for example, a ligand-binding
domain of the estrogen receptor, inserted into the intein
domain sequence provided above, are also provided.
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In some embodiments, an N-terminal intein domain (in-
tein-N) is provided that comprises the amino acid sequence:
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAV*AK
DGTLLARPVVSWFDQGTRDV IGLRIAGGAT*VW ATP-
DHKVLTEYGWRAAGELRKGDRVA (SEQ 1D NO: 10),
wherein at least one of the amino acid residues followed by an
asterisk is mutated. In some embodiments, the N-terminal
intein domain comprises a V*— A mutation and/or an [*—T
mutation.

In some embodiments, an optimized C-terminal intein
domain (intein-C) is provided that comprises the amino acid
sequence:
RVQAFADALDDKFLHDMLAEE*LRYSVIREVLPTRRA
RTFDLEVEELHTLVAEGVVV HN (SEQ ID NO: 11),
wherein the E* residue is mutated. In some embodiments, the
mutation is an E*G mutation. In some embodiments, a
ligand-dependent intein is provided that comprises the N-ter-
minal intein domain and/or the C-terminal intein domain
described above, and a ligand-binding domain, for example, a
ligand-binding domain of the steroid (e.g., estrogen) receptor
as described herein. In some embodiments, a ligand-depen-
dent intein is provided that comprises the N-terminal and the
C-terminal intein domains described above and a central
ligand-binding domain. In some embodiments, the ligand-
binding domain is a ligand-binding domain described herein,
for example, the ligand-binding domain of an estrogen recep-
tor protein, or an optimized, mutated derivative thereof. In
some embodiments, the ligand-binding domain comprises
the amino acid sequence: NSLALSLTADQMVSALLDAEP-
PILYSEYDPTSPFSEASMMGLLTNLADRELVHMINW
AKRVPGFVDLTLHDQAHLLECAWLEILM-
IGLVWRSMEHPGKLLFAPNLLLDRNQGK CVEGMVE-
IFDMLLATSSRFRMMNLQGEEFVCLKSI-
ILLNSGVYTFLSSTLKSLEEKDH
THRALDKITDTLIHLMAKA-
GLTLQQQHQRLAQLLLILSHIRHMSNKG-
MEHLYSMKYT NVVPLYDLLLEMLDAHRLHA (SEQ
ID NO: 12). In some embodiments, the ligand-binding

domain  comprises the amino acid sequence:
NSLALSLTADQMVSALLDAEPPIL*YSEYD*PTSPFSE
ASMMGLLTNLADRELVHMIN WAKRVPGFVD

LTLHDQAHLLEC*AWLEILMIGLVWRSMEHPGKLLF
APNLLLDRNQ GKCVEGMVEIFDMLLATSSRFRMMN-
LQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEK  DHI-
HRALDKITDTLIHLMAKAGLTLQQQHQR-
LAQLLLILSHIRHMSNKGMEHLYSMK
YT*NVVPLYDLLLEMLDAHRLHA (SEQ ID NO: 13),
wherein at least one of the residues L*, D*, C*, or T* is
mutated. In some embodiments, the ligand-binding domain
comprises an L.*—P (Leucine* to Proline), a D*—N (Aspar-
tate*® to Asparagine), a C*—R (Cysteine* to Arginine), and/or
a T*—K (Threonine* to Lysine) mutation.

Ligand-Binding Domain

The invention also provides ligand-binding protein
domains. The ligand-binding domains provided herein are
derived from the human estrogen receptor ligand-binding
domain and can be used to generate ligand-dependent pro-
teins, for example, ligand-dependent inteins. Useful ligands
that bind to the ligand-binding domains provided herein are
described in more detail elsewhere herein. Non-limiting
examples of such ligands include tamoxifen and tamoxifen
analogs and derivatives (e.g., 4-HT).

Some embodiments provide a ligand-binding protein
domain  comprising the amino acid sequence:
NSLALSLTADQMVSALLDAEPPIL*YSEYD*PTSPFSE
ASMMGLLTNLADRELVHMIN WAKRVPGFVDLT
LHDQAHLLEC*AWLEILMIGLVWRSMEHPGKLLFAP
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NLLLDRNQ GKCVEGMVEIFDMLLATSSRFRMMN-
LQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEK  DHI-
HRALDKITDTLIHLMAKAGLTLQQQHQR-
LAQLLLILSHIRHMSNKGMEHLYSMK
YT*NVVPLYDLLLEMLDAHRLHA (SEQ ID NO: 13). In
some embodiments, at least one of the residues L*, D*, C*, or
T* is mutated. In some embodiments, the estrogen-binding
domain comprises an L*P, a D*N, a C*R, and/or a T*K
mutation. In some embodiments, the ligand-binding domain
comprises the ligand-binding domain provided in any of SEQ
ID NOs 3-8. The ligand-binding domain in SEQ ID NOs 3-8
can be identified by those of skill in the art, for example, by
sequence alignment of any of the sequences in SEQ ID NOs
3-8 with the ligand-dependent domain provided above.

In some embodiments, a ligand-binding domain described
herein is fused to an N-terminal intein domain and a C-ter-
minal intein domain, thus forming a ligand-dependent intein
of the structure intein(N)-ligand-binding domain-intein(C).
In some embodiments, the C-terminal and/or the N-terminal
intein domain is a naturally occurring intein domain. Natu-
rally occurring intein domains are well known to those of skill
in the art (e.g., as described in International PCT Patent
Application, Serial Number PCT/US2005/010805, filed Mar.
30,2005; U.S. Pat. No. 7,192,739, issued Mar. 20, 2007; U.S.
Pat. No. 7,541,450, issued Jun. 2, 2009; and on pages 1-10,
193-207, 211-229, 233-252, and 325-341 of Gross, Belfort,
Derbyshire, Stoddard, and Wood (Eds.) Homing Endonu-
cleases and Inteins Springer Verlag Heidelberg, ISBN
9783540251064; the contents of each of which are incorpo-
rated herein by reference), and the invention is not limited in
this respect.

In some embodiments, the ligand-binding domain is
embedded in the intein between the N- and the C-terminal
intein domains. In other embodiments, the ligand-binding
domain is embedded anywhere in the intein amino acid
sequence.

In some embodiments, an ligand-binding domain
described herein (e.g., a human estrogen receptor-derived
ligand-binding domain) is fused to a RecA-derived intein
domain, for example, an intein domain as described herein. In
some embodiments, an estrogen-binding domain described
herein, for example, the estrogen-binding domain provided in
any of SEQ ID NOs 3-8 are fused to an N-terminal and a
C-terminal intein domain as provided herein (e.g., the intein
domain provided in any of SEQ ID NOs: 3-8).

In some embodiments, a ligand-binding domain, e.g., an
estrogen-binding domain, provided herein is fused to an
N-terminal and a C-terminal intein sequence as provided in
any one of SEQ ID NOs: 3-8 to generate a ligand-dependent
intein of the structure intein(N)-ligand-binding domain-in-
tein(C). For example, in such embodiments, the estrogen-
binding domain of SEQ ID NO: 3 is fused to the N-terminal
and the C-terminal intein domains of SEQ ID NO: 4. In some
other such embodiments, the estrogen-binding domain of
SEQ ID NO: 3 is fused to the N-terminal and the C-terminal
intein domains of SEQ ID NO: 5. In some other such embodi-
ments, the estrogen-binding domain of SEQ ID NO: 7 is fused
to the N-terminal and the C-terminal intein domains of SEQ
ID NO: 6, and so on.

In some embodiments, an estrogen-binding domain pro-
vided herein is fused to an N-terminal intein domain as pro-
vided in any of SEQ ID NOs: 3-8, and to a C-terminal intein
sequence as provided in any of SEQ ID NOs: 3-8, wherein the
N-terminal and the C-terminal intein domains are not from
the same SEQ ID NO. For example, in some such embodi-
ments, the estrogen-binding domain of SEQ ID NO: 5 is fused
to the N-terminal intein of SEQ ID NO: 3 and to the C-ter-
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minal intein domains of SEQ ID NO: 4. In some other such
embodiments, the estrogen-binding domain of SEQ ID NO: 3
is fused to the N-terminal intein domain of SEQ ID NO: 6 and
the C-terminal intein domains of SEQ ID NO: 7. In some
other such embodiments, the estrogen-binding domain of
SEQ ID NO: 7 is fused to the N-terminal intein domain of
SEQ ID NO: 7 and the C-terminal intein domains of SEQ ID
NO: 3, and so on.

In some embodiments, a ligand-binding domain provided
herein is fused to an N-terminal intein domain and a C-ter-
minal intein domain, forming a ligand-dependent intein. In
some embodiments, the N-terminal intein domain comprises
the sequence
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAV*AK
DGTLLARPVVSWFDQGTRDV IGLRIAGGAT*VWATP
DHKVLTEYGWRAAGELRKGDRVA (SEQIDNO: 10). In
some embodiments, the N-terminal intein sequence com-
prises the sequence above with a mutation of the V* and/or
the I* residue(s). In some embodiments, the N-terminal intein
sequence comprises the sequence above with a V¥—A_ and/
or an I*—T mutation. In some embodiments, the C-terminal
intein domain comprises the sequence
RVQAFADALDDKFLHDMLAEE*LRYSVIREVLPTRR
ARTFDLEVEELHTLVAEGVVYV HN (SEQ ID NO: 11). In
some embodiments, the C-terminal intein sequence com-
prises the sequence above with a mutation of the E* residue.
In some embodiments, the C-terminal intein sequence com-
prises the sequence above with an E*—G mutation.
Ligand-Dependent Inteins

The invention provides ligand-dependent inteins that are
optimized for use at temperatures within the range of about
30° C. to about 42° C., for example, for use at about 37° C.
Some of the optimized inteins provided herein comprise a
RecA-derived intein domain and a ligand-binding domain
and are of the general structure intein(N)-ligand-binding
domain-intein(C). Some of the optimized inteins provided
herein are derived from the 3-2 intein as described in detail in
International PCT Patent Application Serial Number PCT/
US2005/010805, filed Mar. 30, 2005; U.S. Pat. No. 7,192,
739, issued Mar. 20, 2007; and U.S. Pat. No. 7,541,450,
issued Jun. 2, 2009; all of which are entitled “Ligand-depen-
dent Protein Splicing,” and the entire contents of each of
which are incorporated herein by reference. The 3-2 intein
was derived from the 2-4 intein, also described in the above-
referenced US patents.

The inteins provided herein are optimized for use at tem-
peratures within the range of about 30° C. to about 37° C., for
example, in mammalian cells that are cultured at about 37° C.
The provided intein sequences are universally applicable to
regulate the activity of any target protein post-translationally,
since they can be inserted into any target protein to generate
an inactive hybrid protein that can be spliced in a ligand-
dependent manner to restore target protein activity, as
described in more detail elsewhere herein.

In some embodiments, the optimized i